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pH Dependence of CH;Hg'-binding Sites in Humic Acid:
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ABSTRACT

Mercury accumulates in biota mainly as methylmercury. In nature, methylmercury shows high affinity to organic matter and
CH;Hg"-organic matter complexation affects the mobility and bioavailabiity of methylmercury. In this study, we examined
the methylmercury binding sites in an aquatic humic acid as affected by the pH condition using Hg Lj-edge extended X-ray
absorption fine structure (EXAFS). We evaluated methylmercury binding humic ligands using methylmercury-thiol,
methylmerury-carboxyl, and methylmercury-amine complexation models. When CH;Hg'-to-humic reduced sulfur ratio is
0.3, we found that most of CH;Hg" binds to thiol ligands at pH 5 and 7. At pH 7, however, some carboxyl or amine ligand
contribution is observed, unlike at pH 5 where CH;Hg" almost exclusively binds to thiol ligands. The carboxyl or amine
ligand contribution may indicate that some types of thiol ligands in the natural organic matter have relatively low
complexation constants or acid dissociation constants compared to those of some carboxyl or amine ligands. Analysis
results indicate that ~0.2 fraction of methylmercury binds to amine or carboxyl ligands and ~0.8 to thiol ligands at pH 7.
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Table 1. Structural parameters of model structures (Yoon et al., 2005)

Eillg::;g Reference structure Str;(;ture Type of atom, [distance from Hg (A)] and {bond distance between atoms (A)}
CH;Hg -thiol 1:1
Thiol complexes (Holloway and 1 C [2.09] S [2.38] —{1.81}— C [3.24]
Melnik 1995)
CH;Hg'-N-acetyltryp- 2a C [2.06] O [2.08] —{1.27}— C [2.78] —{1.21}— O [2.83] —{1.53}- C [4.24]

Carboxyl tophane complex (Corbeil
and Beauchamp 1988)

CH;Hg -glycylglycine

Amine o plex (Alex et al. 1986)

3b  C[2.14] N [2.10]

2b C [2.06] O [2.08]

3a C[2.14] N [2.10]

~{127}— C [2.78] —{121}— O [3.98] —{1.53}— C [2.66]
—{1.30}~ O [2.69]
~{131}- N [4.52]
~{130}— O [4.73]
~{131}- N [5.23]

—{146}— C [3.05] —{1.53}~ C [3.24]

—{146}— C [3.05] —{1.53}~ C [4.29]

o

CH;—Hg— S-R
FZ1

CH;—Hg— O,C-R
TZ2a

CH;—Hg— 0,C-R
TZ2b

oY

CHs;—Hg— glycylglycine
TZ3b

«®

CHs;—Hg— glycylglycine
TZ3a

T T ARk Ar] B AdAEE Table 10 U8
KA 2 1 B T 2228} 2b9] Bh)ek = 3(3a
o} 3bo] Fat)ll wet AAkE EXAFSS) RHEAR TS
Fig. 17} Fig. 20| YRS} Wgg~2 o]2o] = 13}
2L 3 = ElRY))el A, 448 EXAFSY]
AR IS (Fig. 204 wlg7]e] g9} gjzk=o] Foj
oSt T H=vE & R Yehded], o B4
(Z=6)2} 3(Z2=16)2] Lo B2HEY] A Xjo]r} FE-3]
A7EelS. 21U, 2 204 R 33X Bl
AR (Z=8) A (Z=Tye WE71e] 'R} eRjEo] AL
sl ARIEAT Al 202K e A T3 A
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o} Jreate] A 3.0A ootk A2AE] YAl
&3k B 2 oA YERER] AT £ 29}
Z 390X 3.0A WRF A Al 2 A AAkre] oJgh
A FZ7F Vehdth 2 20)4E Hg-0-C 2%zt
T~ 10904 Akl AdsE SAhA2AY A7
3.0 A mIRke] Aol EAshH, A2AE] AxREe] ghao
A 233 &4 e ATt F 229 FE 209 3
el we} 3.0 A wgke] Aol EAF = ok 7= 3
e HgN-C A=} 12004 Aol A3 e
7} ~3.0 A Axe] Agld EA)P T2 329 7 3b9)
3| Ao we} AlgE Agte g ojojzl At 3.0A vt
o] Al &A1 4= AUt

m-r'
iin)

B A, Ak, WA 5 AHE i
A

3.2. X-M = O|MITE(EXAFS) 24
pH 5 2 pH 7oA &3 W=7k Al
EXAFS 43} o]59] £4& 98t AREH
gl mdgrzo) o8| Akl EXAFS A4S Fig. 190, &
ol59] Falof WghE VAR ISE Fig 20 YERNL
ot wA WEeem vhest 8] F olendk X
o] Hg EXAFS 2HE#S F2jo] MErz]
F(Fig. 2°IA =23 7P 77k A Sa2@PEEE
el AR ~1.5e WEg2e] WYgr] ghie] ojst
skdoln] TR DI WEERESY A ~2)E HE
719] &l o3k Akgto]th(Yoon et al., 2005). pH7} 5
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e
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J. Soil & Groundwater Env. Vol. 16(6), p. 122~132, 2011



126 44 - William F. Bleam

v CHzHg*-thiol
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k3x(k)
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v CHjHg*-carboxyl
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NI

¥ CH;Hg*-amine
(FEFF-simulated)

Fig. 1. Hg Ly-edge EXAFS scattering curves of CH;Hg -humic
samples at the CH3Hg" to reduced sulfur ratio of 0.3 (pH 5 and 7)
compared with those of experimental CH;Hg-thiol complex and
of FEFF-simulated CH;Hg"-ligand complexes for structures in
Table 1.

S o2k x]9] Hg EXAFS Z~HERT vl fA}
3 Yoon et al.(2005)2] AFolA AlFe] ~HEHN
TZ 1 71 2MER] 7} 935 F$ vl g
THES H2ATHoZ Iyt A, 20A 747}
2.07 A9 Aol &47}, 237 A9 Aol do] Z=2t ~1
N A= BE¥xshe A Utk ol Agde 7% 19 8
Bl= ZHEo] FAHAS wo] AT Aol EEVI(-
SH) ©]9]o]| -S-, -SS-. -SSH -SSSH 5¢] Z+&7]& oA
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4 CH,Hg*-thiol
(experimental)

4 CH;Hg*-aquatic humic acid
pH 5 (Yoon et al., 2005)

Intensity

4 CH;Hg*-aquatic humic acid
pH7

4 CH;Hg*-thiol
(FEFF-simulated)

4 CH;Hg*-carboxyl
FEFF-simulated)

4 CH;Hg*-amine
FEFF-simulated)

0 2 4 6 8
R+® (A)
Fig. 2. Radial structure functions of Hg Ly-edge EXAFS of
CH;Hg"-humic samples at the CH;Hg" to reduced sulfur ratio of
0.3 (pH 5 and 7) compared with those of experimental CH;Hg"-

thiol complex and of FEFF-simulated CH;Hg-ligand complexes
for structures in Table 1.

Aol A2AE] YAl 28k EXAFS w490 23] el
Sk 2F2o A A|Q)= AT Yoon et al., 2005). 1L,
pH 7914 22 ¥kE-S A7l A|52] EXAFSE pH 504
o] A8 WHEREFAA TN m=vt ]
BEA] ehett Wdr)e] ghe) El2 7o) foojet Akt
< EXAFSe] 9x13] Yehe A o2 HolH o|& B
7[gto] Wlgg~-S Agsial A ¥l tE 28] mEgh
HE2-S 23] ey Aoltt. old] we} §lgr] ¥
O kg 27101547 e A4 287
CFRI7H2e WEse A 7Hgsle o] FREERRS
= (Fig. 3, AQY) & Flol Wkl kgzlolA i
Ao g gEale] olF T

Falo] ke Jdell= (1) vEsS vgr]e g4,
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K3x(k)

Intensity

R+ (A)

Fig. 3. Experimental (solid lines) and least-squares fitted (dotted
lines) Hg Ly-edge EXAFS of CH3;Hg -humic complex (CH;Hg"
to reduced sulfur ratio of 0.3, pH 7) with the reference model of
thiol- and carboxyl-complexes (a) radial structure function and
(b) EXAFS scattering curves (full and Fourier-filtered (peak
region A)). Fitting results appear in Table 2.

(2) §2719] &, (3) 71254719 248} A 2 A7 9
ARtk 2 g e o179 Aot A 2 A7 9
ARt (EA)e] Akgre] EEE] it Wdeee f7Et
o} A3sloxs WEr|E 4R O EZ(Yoon et al,
2005) I® Al SRl Ne= 12 ZAZT ElE7)
o] Hiflg= 7I2E54719] Ak ofFly]e] Ao wj
a7t S7Pa AtiE o g ZH3} Yoon et al.(2005)
ol xle] ZAxjol we} Wgg2-2 shte] FARE f7) 2kt
o} Atslar A% A WErlE (A FoeE=E 1:1 &
A Fds 7Pt o] W, mgae A=
she] w"ly] ghie) she] Rte exle}l Agsket,
EXAFSE AR Y] BE 729 F1H 725 Husi] B
oFEE Fgo] T bgE i=e AgEA Uk
T 2RIE Ak wielss ol 10] # Zoth. 1ejEa,
E EXAFS E4oM= Ng+ No = 1FIEEAY]) == Ny
+ Ny = 1CFI7)E IAFT 7125847100 Wgg-20]
A A9 (72 20lle T2 3K wet A2A
Aol aka e ') ~3.0 A mlRke] Aol EAjsle
o) olm} A 2.8 A2 Al Wi N, < 10]aL &
e ~2.7 A% Aol wi9IF 1 < Ne, <20]eof gt} of
H7)e) Hga2o] At A-(F=E 3l 7= I
o wt A2A7 YAfel] At ~2.7 Aol Aol HiS]

T Ny < 10]0JoF 3kar ~3.1 A9 Al Y= A2AZ] A
ARte] BhAE WHARESA AG S-S Hlojdth

32.1. HlET2-EE7] + 7125847)) e ¥4 2d

7l2847] 9 B Wggo] Ashs BdS
o]83+ EXAFS ¥4 ZA3}= Table 20| YehNAT} 718
2 YHATE (1) BF 7F 2a, (2) BT 7XE 2b,
(3) TF2a: 7E 2b=1:1 & AR A% T 7=
2b%] 7450l AATH(Fig. 3). ()9 HBZAFAN= He -
0, A7} 3.0 A odo] =o| HellrxolA| o] Hlojd
o} (3)2] AN E A2AT FAREe] 4k} B
BT egte] Azl 3.0A oo =A HoluAu
HgC, ©] 25A ngko g Zoju= 5 el M)
Azlel FA Blofvmg (1 (3)°] A5 =F pH 7l
A19] g HAF7E ARl HeseTl=284]
719 25 Jehdith & 4= gtk 2) 7= 2b9] A
Al 1 A xRl WEr] gk oleldl] El&] 3}
7I28A47] Al wilTE 47 087 022 HES
o] B REo] He7] T I F8rlel At
Hg EXAFSE A|59] BE 429] ¥ A}72e] it
S YeE=E, 1:1 28Y o =, vEdg2o] § 7l
et A3 o) 99 wielg ¥y A wgae
9] ¢F 80%= ElZ7IC, oF 20% AEv 7I2EAY] 5
RS ZR8710l] Ajtet Ao s HRAr

A1A=] A g 2] Arle BaE {7
< 3¥HE W9 Cye-Hg-S #=&(Holloway and Melnik,
1995)l142] Hg-S A2l 2.34-2.39 A Aloldl] o A
FF-227F <= (Bond valence method; Brown, 1981;
Brese and O’Keeffe, 19919 <J3l AP 1.0
W2 Ak Hg(D-S 28AZ] 2.32 Az fAlsIt). Al
18] Rt Ak} eate] A-le HalE frlee
3IE 9] Cye-Hg-O FZ(Holloway and Melnik, 1995)
oA Hg-O A2 2.07 < Riyp.0<2.09 AR &zt #al 2
FF-¥A7F o= (Bond valence method; Brown, 1981;
Brese and O’Keeffe, 1991)°)] oJs] 2271 1.0
= ALK He()-0 AgA=IR] 1.93 Avt= At o
g vgr]e] gkl 23] Age Bad /U
< 3HE W9l Cue-Hg-O 7%} Cye-Hg-S 7200149
] 2.05 < Rygc<2.11 ART} 2F7F Ft}, 7f22247] A)
2 A Ao ghie} wlgge2o] 23ke] A (He
C)E= 2.69 A0 2 712827 32 2p0l AE3E Aol
AR o] Aol wt Bl 719} 7128470l g
2o Agshd 7l28A7d At = & 2%
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Table 2. Least-squares-fitting results of first (X;) and second (X;) atomic shell analyses: distances (R), coordination numbers (N),
Debye-Waller factors (&%), and differences in edge energy (DEj)

Sample RA N FA) RA N F@A) RA N

aA) RA) N (A% AE(eV)

Hg-C Hg-S, Hg-X; Hg X,
ol resint 205+ 10+ 0004+ 237+ L1+ 0005+ L4
ol res 0001 003 00003 0002 004 0.0002 '
CH3Hg"-humic 2.07+ 1.1+ 0003+ 237+ 10+ 0.004+ 33
acid, pH 5 0001 005 0.0003 0001 002 0.0002 :
Hg-O, Hg--C,
CH;Hg'-humic
acid, pH 7 2.03 + . . 235+ 0.8+ . 204+ 02°% 269+ 049+ .
(carboxyl-ligand 0.007 0004 5004 005 %9 o001 005 99T G030 00s 00T 3
model)*
Hg-N, Hg -0,
CH;Hg'-humic
acid, pH 7 2.03 + . b 234+ 0.8 . 208+ 02°f . 268+ 02t -
(amine-ligand ~ 0.011 1700047 ho0a 005 %97 G065 005 99T gos9 gos 00047 29

model)*

(a) Yoon et al., 2005

(b) Number fixed during fitting

(c) Numbers constrained during fitting so that the total of coordination numbers of two atoms = 1

(d) Number fixed during fitting to be a double of Nyj,.01 and equl to Ny,.ni according to the model structure 2b and 3a, respectively (e)
Debye-Waller factor fixed to 0.004, 0.005, and 0. 006 A2 with an expection of a higher value and the best-fitting result is presented.

*Maximum number of independent parameter determined by Nig,~2AKAR/m is 6.
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TZ(Holloway and Melnik, 1995)14<] Hg-S A<l
234239 A Aolol] lom Ag-Uxp7} ¢ =H(Bond
valence method; Brown, 1981; Brese and O’Keeffe,
19910 &l 2=t 1.09w =2 AxkE Hg1)-S 2
‘“ﬂﬂlﬂ 2.32 A3} FrAteitt. Al1AR] fAkre] 2t v

Fo9] Feate] Agle RauE 7142 FFE U9
CMe-Hg-N TZ (Holloway and Melnik, 1995)]|A]2]
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Fig. 4. Experimental (solid lines) and least-squares fitted (dotted
lines) Hg Li-edge EXAFS of CH;Hg -humic complex (CH;Hg"
to reduced sulfur ratio of 0.3, pH 7) with the reference model of
thiol- and amine-complexes (a) radial structure function and (b)
EXAFS scattering curves (full and Fourier-filtered (peak region
A)). Fitting results appear in Table 2.
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Fig. 5. Relative contributions of sulfur (CH;Hg'-thiol com-
plexation) and oxygen/nitrogen (CH;Hg"-carboxyl/amine com-
plexation) in the first atomic shell. Sulfur and oxygen/nitrogen
coordination numbers Ns and Non at pH 4 and 5 are from
literatures for soil and aquatic organic matter (OM).
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